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To induce mitochondrial biogenesis, we chronically stimulated (10 Hz; 3 or 6 h/day) rat muscle for 7 days. Chronic contractile activity (CCA) increased the protein expression of PGC-1␣, c-myc, and mitochondrial transcription factor A (Tfam) by 1.6-, 1.7-and 2.0-fold, respectively. To determine mRNA stability, we incubated total RNA with cytosolic extracts using an in vitro cell-free system. We found that the intrinsic mRNA half-lives (t1/2) were variable within control muscle. Peroxisome proliferator-activated receptor-␥, coactivator-1␣ (PGC-1␣) and Tfam mRNAs decayed more rapidly (t1/2 ϭ 22.7 and 31.4 min) than c-myc mRNA (t1/2 ϭ 99.7 min). Furthermore, CCA resulted in a differential response in degradation kinetics. After CCA, PGC-1␣ and Tfam mRNA half-lives decreased by 48% and 44%, respectively, whereas c-myc mRNA half-life was unchanged. CCA induced an elevation of both the cytosolic RNA-stabilizing human antigen R (HuR) and destabilizing AUF1 (total) by 2.4-and 1.8-fold, respectively. Increases in the p37 AUF1 , p40 AUF1 , and p45 AUF1 isoforms were most evident. Thus these data indicate that CCA results in accelerated turnover rates of mRNAs encoding important mitochondrial biogenesis regulators in skeletal muscle. This adaptation is likely beneficial in permitting more rapid phenotypic plasticity in response to subsequent contractile activity. mitochondrial biogenesis; PGC-1␣; exercise; mitochondrial transcription factor A; AU-rich element SKELETAL MUSCLE exhibits dynamic plasticity in response to functional demands. With chronic contractile activity (CCA), muscles undergo a wide variety of biochemical and physiological adaptations (21, 39) . For example, regular endurance exercise undertaken over a number of weeks leads to the biogenesis of mitochondria, eliciting a sequential phenotypic fiber type transition from glycolytic to oxidative metabolism (4, 21, 22) . This process is orchestrated, in part, by the well-characterized key regulatory factor, peroxisome proliferator-activated receptor-␥, coactivator-1␣ (PGC-1␣) (3a, 21, 61) . Specifically, PGC-1␣ coactivates transcription factors to induce the expression of mitochondrial transcription factor A (Tfam), a nuclear gene product that is involved in the transcription and replication of mitochondrial DNA (mtDNA) (51, 52) .
In response to exercise, mRNA and protein levels of PGC-1␣ and Tfam are elevated (2, 17, (43) (44) (45) 54) . Increases in steady-state mRNA levels as a result of a stimulus such as exercise are the product of both synthesis (transcription) and degradation (mRNA stability). Thus the relative contribution of both of these processes plays an important role in phenotypic adaptations (16) . However, the impact of changes in mRNA stability for muscle mitochondrial adaptations has been relatively unexplored.
When compared with other biological molecules, the distinguishing property of mRNA is its high rate of turnover, which is tissue specific (8) . Of particular interest is the class of mRNA bearing AU-rich elements (AREs) in the 3=-untranslated region (ϪUTR) (6, 7, 11, 12) . The physical interaction of AREs with specialized RNA-binding proteins (RBPs) is a strong determinant of mRNA stability and/or translation, and hence the subsequent level of protein expression. In muscle, a pair of RBPs with reciprocal functions can act independently and synchronously to regulate the expression of labile genes (42, 46, 55, 60) . Human antigen R (HuR) and the four isoforms of ARE-RNA binding factor 1 (AUF1) (p37 AUF1 , p40 AUF1 , p42
AUF1
, and p45 AUF1 ) are primarily localized to the nucleus (10, 31, 64) . Their export to the cytoplasm has been associated with the stabilization or destabilization of mRNA transcripts, respectively (10, 31) . During muscle differentiation, HuR accumulates in the cytoplasm and interacts with mRNAs encoding MyoD, myogenin (62, 63) , and acetylcholinesterase (13, 14) . In contrast, the AUF1 proteins have been shown to bind to and destabilize the mRNAs encoding human angiotensin 1 receptor (47), sarcoendoplasmic reticulum calcium ATPase2a (5) , and the calcitonin receptor (69) . Furthermore, HuR and AUF1 have common targets, and growing evidence has demonstrated that homomultimerization of HuR and AUF1 can bind simultaneously and competitively to a single ARE (32, 47, 69) . Interestingly, both HuR and the AUF1 proteins target the ARE in the c-myc 3=-UTR (18, 31) . c-Myc is a transcription factor that has also been implicated in the regulation of mitochondrial biogenesis via the control of Tfam expression (29, 34) .
The effect of contractile activity on the stability of mRNAs that regulate mitochondrial biogenesis has never been investigated. Thus the purposes of our study were 1) to characterize the mRNA stability of PGC-1␣, c-myc, and Tfam in relation to steady-state mRNA and protein levels; 2) to investigate the presence of relevant AREs within the 3=-UTRs of PGC-1␣, c-myc, and Tfam regulatory genes; and 3) to determine the effect of CCA on the expression of mRNA destabilizing/ destabilizing proteins along with coincident changes in mRNA half-lives.
MATERIALS AND METHODS
Animals and in vivo chronic contractile activity protocol. All animals were housed in a temperature-controlled room (22.5 Ϯ 0.5°C) with 12 h light (19:00 -7:00) and 12 h dark (7:00 -19:00) cycles and were allowed food and water ad libitum. Male Sprague-Dawley rats (300 -400 g; Charles River, St. Constant, QC, Canada) were anesthetized with a ketamine-xylazine combination dose via intraperitoneal injection (0.2 ml/100 g body wt). The tibialis anterior (TA) muscles were removed from a subset of animals for total RNA isolation. In another set of animals (300 -325 g) used for chronic contractile activity (CCA), two stimulating electrodes (Medwire, Leico Industries, New York, NY) were passed subcutaneously from the thigh and exteriorized at the back of the neck under aseptic conditions. A portable stimulator unit was placed in a plastic housing connected to the exteriorized electrode wires at the back of the neck and fastened to the back of the animal with cloth tape, as done previously (1, 36) . Care was taken to ensure that the procedure did not restrict animal movement, cause discomfort, or restrict breathing. The electrodes were sutured to the underlying muscle ϳ1-2 mm on either side of the common peroneal nerve. The overlying hamstring muscle was sutured, the skin was stapled, and sterile ampicillin (Penbritin, Ayerst, Montreal, Canada) was injected to minimize risks of infection. In all animals, the contralateral limb was used as a nonstimulated internal control. Stimulation was adjusted at the time of electrode implantation to result in palpable contractions of the TA and extensor digitorum longus (EDL) muscles. When animals had regained Ն100% of their initial body weight and had recovered for a minimum of 1 wk, chronic stimulation (10 Hz, 0.1-ms duration) was begun for 3 h or 6 h/day for 7 days. Animals were observed to move freely about their cages during the experimental periods. After the final recovery period (21 or 18 h) on the eighth day, animals were then anesthetized with ketamine-xylazine as described above, and the EDL muscles were extracted and frozen in liquid nitrogen. All animals were then immediately euthanized via thoracotomy and removal of the heart. All samples were frozen at Ϫ80°C and pulverized at the temperature of liquid nitrogen for subsequent RNA and protein analyses. All procedures involving animals were approved by the York University Animal Care Committee, in accordance with the Canadian Council on Animal Care.
Cytochrome c oxidase activity. Cytochrome c oxidase (COX) activity was measured as previously described in detail (9) . Briefly, muscle powder homogenates were added to a buffered test solution containing fully reduced cytochrome c. Enzyme activity was determined as the maximal rate of oxidation of fully reduced cytochrome c measured by the change in absorbance at 550 nm in a Synergy HT microplate reader at 30°C.
In vitro RNA isolation. Total RNA was isolated using Tri-reagent (Invitrogen) as recommended by the manufacturer, with slight modifications (16) . Frozen muscle powders (30 or 200 mg) and Tri-reagent (Invitrogen) were homogenized (Ultra Turrax 7-mm probe) at 30% power output for 30 s and subsequently transferred to a sterile tube. After 5 min of incubation at room temperature, 200 l of chloroform were added to the homogenate that was then shaken vigorously for 15 s. A subsequent color change was observed from clear pink to milky pink, followed by centrifugation (Eppendorf, 5415 D) at 12,000 g at 4°C (15 min). After the upper aqueous phase was transferred to a separate RNAse-free tube, 500 l of isopropanol were added, and the supernate was vigorously shaken. To precipitate total RNA, the supernate was incubated overnight at Ϫ20°C. The RNA pellet was collected by subjecting the supernate to centrifugation at 16,100 g at 4°C (10 min). The isopropanol was discarded and the pellet was washed with 75% ethanol. After a final spin at 16,100 g at 4°C (1 min), the RNA pellet was resuspended in sterile water. With the use of 995 l of sterile water and 5 l of RNA, total RNA concentration and purity were determined by ultraviolet photometry at 260 and 280 nm, respectively. RNA quality was verified by separation of the 28S and 18S rRNA on denaturing formaldehyde-1% agarose gels.
In vitro cytosolic protein extraction. EDL muscle powders (50 mg) were homogenized in sterile homogenization buffer (25% glycerol, 0.42 M NaCl, 1.5 mM MgCl 2, 0.2 mM EDTA, 20 mM HEPES pH 7.9, 0.5 mM 1,4-dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, and RNAse-free water) at 40% power output for 3ϫ 10 s. The homogenates were centrifuged at 5,000 g at 4°C (15 min). The supernatant fractions were then subjected to further centrifugation at 15,000 g at 4°C (15 min) to remove mitochondria. The resultant supernatant representing a crude cytosolic fraction (S15) was transferred to a sterile tube. Protein concentrations of the S15 fractions were determined by the Bradford colorimetric assay.
In vitro RNA decay assay. Analysis of RNA degradation was performed as previously described, with slight modifications (16) . Total RNA (30 g) from TA muscles from control animals was incubated with S15 protein extract from EDL muscles (20 g) in a 100-l reaction volume at 37°C. Separate aliquots were removed at 5, 10, 20, and 30 min. Total RNA was reisolated with the phenolchloroform extraction procedure and precipitated at Ϫ20°C overnight. Total RNA was subsequently washed, pelleted, and resuspended in 20 l of sterile ddH 2O. RNA concentration and purity were determined by measuring absorbance at 260 and 280 nm, respectively. The quality of total RNA was validated by separation of the 28S and 18S rRNA on denaturing formaldehyde-1% agarose gels.
Reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA (2 g) was reverse transcribed to cDNA using SuperScript III reverse transcriptase as recommended by the manufacturer (Invitrogen). cDNA was amplified by PCR using GoTaq Flexi DNA polymerase (Promega), using the manufacturer's recommendations. Sequencespecific primers listed in Table 1 for PGC-1␣, c-myc, Tfam, or S12 were added in a 50-l volume PCR reaction containing 2 l of cDNA. PCR products (40 l each) were separated on 1.8% agarose gels and visualized by ethidium bromide (EtBr) staining.
Western blot analysis. Total cytosolic protein extracts were isolated from muscle powders as described above. Briefly, total protein (50 g/lane) was electrophoresed through one-dimensional 12 or 15% SDS-polyacrylamide gels and transferred onto nitrocellulose membranes. Blots were blocked (1 h) at room temperature with 5% milk in 1ϫ TBS-Tween20 (Tris-buffered saline/Tween-20; 25 mM Tris·HCl, pH 7.5, 1 mM NaCl, and 0.1% Tween-20), followed by overnight incubation with antibodies diluted in 5% blocking buffer directed toward PGC-1␣ (1:500; Caymen Chemicals), Tfam [1:750; (17)], c-myc (1:500; Santa Cruz Biotechnology), HuR 3A2 (1:2,000; Santa Cruz Biotechnology), AUF1 (1:500; Upstate/Millipore), aciculin (1: 200; DSHB University of Iowa), and GAPDH (1:40,000; Abcam). After 3 ϫ 5 min washes with TBS-Tween20, blots were incubated at room temperature for 1 h with the appropriate secondary antibody conjugated to horseradish peroxidase. Blots were washed again 3ϫ 5 min with TBS-Tween20, developed with enhanced chemiluminescence, and quantified via densitometric analysis of the intensity of the signal with SigmaScanPro v.5 software (Jandel Scientific, San Rafael, CA). PGC-1␣ 5=-GAC CAC AAA CGA TGA CCC TCC-3= 5=-CCT GAG AGA GAC TTT GGA GGC-3= 635 c-myc 5=-TCA AGA GGC CAC AGC AAA C-3= 5=-AAA AGC TAC GCT TCA GCT CG-3= 274 Tfam 5=-ATG GCG CTG TTC CGG GGA ATG TGG G-3= 5=-TTA ATT CTC AGA GAT GTC TCC CGG G-3= 735 S12 5=-GGA AGG CAT AGC TGC TGG-3= 5=-CCT CGA TGA CAT CCT TGG-3= 638 PGC-1␣, peroxisome proliferator-activated receptor-␥, coactivator-1␣; Tfam, mitochondrial transcription factor A.
Statistical analyses. Data were analyzed with GraphPad 4.0 software, and values are reported as means Ϯ SE. Where indicated, Student's paired t-test, one-or two-way analyses of variance followed by Bonferroni post hoc tests were used to determine individual differences between conditions. Results were considered to be statistically significant if P Ͻ 0.05 was achieved. The nonlinear regression equation 50 ϭ 100e (Ϫkx) was used to determine mRNA half-lives. Computational analysis. To identify putative HuR and AUF1 binding motifs in PGC-1␣ 3=-UTRs of mammals, we deployed sequence comparison of six mammalian species against human using the software ClustalW2 (33) . A pairwise score was calculated as the number of identities in the best alignment divided by the number of residues compared. Gap positions were excluded. Both of these scores were initially calculated as percent identity scores and were converted to distances by dividing by 100 and subtracting from 1.0 to give number of differences per site (33) .
RESULTS

Effect of CCA on whole muscle mitochondrial biogenesis.
To evaluate the effect of CCA on mitochondrial content, we measured COX activity in stimulated and contralateral nonstimulated EDL muscle. COX activity in nonstimulated EDL muscle was 6.06 Ϯ 0.56 U/g muscle. Seven days of stimulation resulted in an equal elevation in animals subjected to both 3 and 6 h/day conditions (unpublished data). Therefore, the results were pooled to show a 1.5-fold elevation of COX activity ( Fig. 1A ; P Ͻ 0.05). Thus our chronic stimulation protocol was effective in inducing mitochondrial biogenesis in whole muscle.
Effect of CCA on PGC-1␣ protein content, steady-state mRNA level, and mRNA stability. CCA resulted in an increase of PGC-1␣ protein content by 1.6-fold when compared with nonstimulated control muscle ( Fig. 1B ; P Ͻ 0.05). In contrast, the levels of PGC-1␣ mRNA were not affected by the chronic stimulation paradigm (Fig. 1C) . To evaluate PGC-1␣ mRNA stability, we employed a cell-free mRNA decay assay, as done previously (16) . PGC-1␣ mRNA was degraded by cytosolic ribonucleases, as incubation of total RNA in the absence of cytosolic proteins ( Fig. 2A) and in the presence of a ribonuclease inhibitor (Fig. 2B) attenuated the mRNA decay. The half-life (t 1/2 ) of PGC-1␣ mRNA was 24.5 min (Fig. 2C) in the presence of cytosolic proteins isolated from control muscle. In contrast, PGC-1␣ mRNA stability decreased by 48% in the cytosol isolated from chronically stimulated muscle ( Fig. 2C ; P Ͻ 0.05). S12 mRNA, used as an internal control, was more stable (t 1/2 ϭ 58.6 min) than PGC-1␣ mRNA in the cytosol from control, nonstimulated muscle. No effect of chronic stimulation on S12 mRNA was observed (unpublished data). Therefore, these data for S12 mRNA were combined (Fig. 2C) .
Effect of CCA on c-myc protein content, steady-state mRNA level, and mRNA stability. CCA resulted in an increase of c-myc protein content by 1.7-fold ( Fig. 3A ; P Ͻ 0.05). In contrast, both c-myc steady-state mRNA level and mRNA stability were unchanged in response to chronic stimulation (Fig. 3, B and C) . The basal half-lives of c-myc (82.9 min) and S12 (52.6 min) mRNAs were not significantly different from each other.
Effect of CCA on Tfam protein content, steady-state mRNA level, and mRNA stability. CCA led to an increase of Tfam protein content by 2.0-fold ( Fig. 4A ; P Ͻ 0.05) but not steady-state mRNA levels (Fig. 4B) . In the presence of cytosolic proteins isolated from control muscle, Tfam mRNA Fig. 1 . Effect of chronic contractile activity (CCA) on peroxisome proliferatoractivated receptor-coactivator-1␣ (PGC-1␣) protein and mRNA levels. Animals were subjected to CCA for 7 days. A: cytochrome c oxidase (COX) enzyme activity of whole muscle. The EDL muscles of animals were subjected to CCA for 3 or 6 h/day for 7 days [n ϭ 18; *P Ͻ 0.05, control (CTRL) vs. stimulation (STIM)]. B: PGC-1␣ protein, along with a loading control (aciculin), were measured in extracts from CTRL or STIM EDL muscles (n ϭ 6; *P Ͻ 0.05, CTRL vs. STIM). C: PGC-1␣ and S12 mRNA transcripts were measured by RT-PCR from total RNA isolated from CTRL or STIM EDL muscles. A representative ethidium bromide (EtBr)-stained agarose gel is illustrated along with a graphical representation of the data (n ϭ 10).
half-life was 31.2 min, and this was reduced by 44% to 13.6 min in chronically stimulated muscle compared with the control condition ( Fig. 4C ; P Ͻ 0.05).
Effect of CCA on RNA-binding proteins HuR and AUF1. Analysis of each AUF1 isoform revealed that the most abundant isoform was p45 AUF1 , whereas p42 AUF1 expression was low in fast-twitch EDL muscle. CCA resulted in the increase of stabilizing HuR ( Fig. 5A ; P Ͻ 0.05) as well as destabilizing total AUF1 proteins ( Fig. 5B ; P Ͻ 0.05) by 2.4-and 1.9-fold, respectively. p37 AUF1 , p40 AUF1 , and p45 AUF1 isoforms increased in response to CCA by 2.3-, 1.7-, and 1.5-fold, respectively ( Fig. 5C ; P Ͻ 0.05), when compared with the contralateral control muscle.
Effect of CCA on mRNA stability. A summary of the halflives of the transcripts measured in our study is shown in Fig. 6 . These half-lives are not intended to represent the decay rates as found in vivo, since they are a product of the conditions Fig. 3 . Effect of CCA on c-myc steady-state protein, mRNA levels, and mRNA stability. Animals were subjected to CCA for 7 days. A: c-myc protein, along with a loading control (aciculin), were measured in extracts from CTRL or STIM EDL muscles (n ϭ 8; *P Ͻ 0.05, CTRL vs. STIM). B: c-myc and S12 mRNA transcripts were measured by RT-PCR from total RNA isolated from CTRL or STIM EDL muscles. A representative EtBr-stained agarose gel is illustrated along with a graphical representation of the data (n ϭ 10). C: total RNA isolated from TA muscle was incubated with cytosolic proteins from CTRL or STIM EDL muscles of animals subjected to CCA for 7 days. After each time point, total RNA was reisolated, and c-myc (n ϭ 4) along with an internal control S12 (n ϭ 10) were examined by RT-PCR. A representative EtBr gel is illustrated along with a graphical representation of the data. Reactions in the absence of cytosolic proteins, as well as the absence of RNA or cDNA, are shown as positive and negative controls, respectively. Fig. 2 . Effect of CCA on PGC-1␣ mRNA stability in skeletal muscle. A: total RNA (12 g) from the tibualis anterior (TA) muscle was incubated with RNase-free isolation buffer alone for 0, 10, 20, and 40 min. PGC-1␣ and S12 mRNA transcripts were examined by RT-PCR and EtBr-stained agarose gel electrophoresis. B: total RNA (30 g) was incubated with 20 g of cytosolic proteins for 0, 5, 10, 20, and 30 min in the presence or absence of a ribonuclease inhibitor. Reactions in the absence of RNA or cDNA are also shown as negative controls. C: total RNA isolated from TA muscle was incubated with cytosolic proteins from CTRL or STIM EDL muscles of animals subjected to CCA for 7 days. After each time point, total RNA was reisolated and PGC-1␣ (n ϭ 5; *P Ͻ 0.05, CTRL vs. STIM) along with an internal control S12 (n ϭ 10) were examined by RT-PCR. A representative EtBr gel is illustrated along with a graphical representation of the data. Reactions in the absence of cytosolic proteins, as well as the absence of RNA or cDNA, are shown as positive and negative controls, respectively. employed in the in vitro decay assay (i.e., the ratio of cytosolic protein to total RNA). However, since the assay conditions used were identical for all transcripts evaluated, as well as in control and stimulated muscle, this information is valuable to show 1) the variability in the basal half-lives of mRNAs and 2) the effect of chronic contractile activity. The intrinsic mRNA stabilities of PGC-1␣ and Tfam were less than that of c-myc and S12 (Fig. 6 , P Ͻ 0.05). In addition, CCA induced a differential response on mRNA stability, which was reduced in PGC-1␣ and Tfam, but no significant effect of stimulation was observed for S12 or c-myc (Fig. 6) .
DISCUSSION
Repeated contractions of skeletal muscle over several weeks promote the biogenesis of mitochondria. The resulting increase in mitochondrial content in skeletal muscle leads to a preferential shift in energy utilization toward a greater dependence on oxidation phosphorylation for ATP provision. A consequence of this adaptation is that the muscle become more fatigue resistant, a characteristic favorable for health in both young and old individuals (37, 39) . Therefore, understanding the molecular basis of mitochondrial biogenesis is important for our comprehension of how exercise can improve the quality of life.
Mitochondrial biogenesis requires the coordinated regulation of two distinct genomes localized in separate cellular compartments. Three important biogenesis regulators investigated in our study were PGC-1␣, c-myc, and Tfam. PGC-1␣ coactivates genes encoding a number of transcription factors to induce the mRNA expression of NUGEMPs (21, 22, 28) . One of the most important NUGEMPs is Tfam, which regulates the expression and copy number of mtDNA. The transcription factor c-myc is also involved in the regulation of Tfam (29, Fig. 5 . Effect of CCA on RNA-binding proteins, human antigen R (HuR), and ARE-RNA binding factor 1 (AUF1). Animals were subjected to CCA for 7 days. A: HuR, along with a loading control aciculin, were measured in extracts from CTRL or STIM EDL muscles (n ϭ 8; *P Ͻ 0.05, CTRL vs. STIM). B: analyses and graphical representations of protein expression of p37 AUF1 , p40 AUF1 , p42 AUF1 , p45 AUF1 , and aciculin, the loading control are shown (n ϭ 6, *P Ͻ 0.05, CTRL vs. STIM). C: distribution of various isoforms are shown. (n ϭ 6; *P Ͻ 0.05 CTRL vs. STIM). Fig. 4 . Effect of CCA on mitochondrial transcription factor A (Tfam) steady-state protein and mRNA levels and mRNA stability. Animals were subjected to CCA for 7 days. A: Tfam protein, along with a loading control (GAPDH), were measured in extracts from CTRL or STIM EDL muscles (n ϭ 8; *P Ͻ 0.05, CTRL vs. STIM). B: Tfam and S12 mRNA transcripts were measured by RT-PCR from total RNA isolated from CTRL or STIM EDL muscles. A representative EtBr-stained agarose gel is illustrated along with a graphical representation of the data (n ϭ 8). C: total RNA isolated from TA muscle was incubated with cytosolic proteins from CTRL or STIM EDL muscles of animals subjected to CCA for 7 days. After each time point, total RNA was reisolated and Tfam (n ϭ 7, *P Ͻ 0.05 CTRL vs. STIM) along with an internal control S12 (n ϭ 10) were examined by RT-PCR. A representative EtBr gel is illustrated along with a graphical representation of the data. Reactions in the absence of cytosolic proteins as well as the absence of RNA or cDNA are shown as positive and negative controls, respectively. 34). Once Tfam is translated into protein, it is shuttled across the mitochondrial membranes to its functional destination. Inside the matrix, Tfam activates the transcription of the 13 mitochondrial proteins that are essential for oxidative phosphorylation (for review, see Ref. 52) . There is an increasing body of evidence that describes the changes in protein and mRNA expression of both PGC-1␣ and Tfam in skeletal muscle. However, the regulation of these transcriptional activators during exercise requires greater understanding. Studies in the past have focused largely on transcriptional mechanisms, whereas the significance of mRNA stability as an important regulator of gene expression in skeletal muscle is just beginning to earn recognition (7, 62) . Given the significance of mRNA stability in gene expression, we 1) compared the intrinsic mRNA stabilities of PGC-1␣, c-myc, and Tfam in skeletal muscle and 2) examined effect of CCA on the stability of these mRNA species using an in vitro cell-free system.
First, we showed that the basal half-lives of these regulatory mRNAs were inherently different. PGC-1␣ and Tfam mRNAs were significantly less stable than the mRNAs of c-myc and S12 (Fig. 6) , supporting previous in vivo evidence that the intrinsic half-lives of transcripts in muscle can vary from minutes (Egr-1) to hours (ϪUTRophin) (19, 26, 53) . Generally, the half-life of mRNA species negatively correlates with regulatory importance. For example, mRNAs encoding transcription factors are short-lived compared with mRNAs of genes related to metabolism and cell structure (53) . c-Myc mRNA is well known for its short half-life (20 -30 min) in vivo (48, 52) . Our in vitro analyses of mRNA stability revealed that the turnover rates of PGC-1␣ and Tfam were greater than c-myc, suggesting that they encode proteins of greater regulatory importance, at least in skeletal muscle.
In an effort to understand the role of mRNA stability in exercise-induced mitochondrial biogenesis, we employed a chronic, low-frequency electrical stimulation model to simulate chronic exercise. Although not locomotory exercise, this protocol provides a potent stimulus for the induction of mitochondrial biogenesis in skeletal muscle (1, 16, 35, 36, 56) , and it therefore serves as a good experimental model to study the underlying biochemical and physiological adaptations involved in organelle synthesis. Our stimulation conditions were effective at inducing mitochondrial biogenesis, as COX activity increased, and the magnitude of upregulation was similar to values reported previously (17, 36) . Contractile activity provoked increases in PGC-1␣ and Tfam protein expression, consistent with published findings from our laboratory (17, 25) , and modestly less than the changes produced by other forms of exercise (58, 68) . In addition, we also showed that CCA induced an increase in c-myc protein expression in skeletal muscle. The extent of the induction of these proteins was typical of that observed with this chronic stimulation model (16, 23, 36, 55) . However, the increases in protein expression were not accompanied by concomitant elevations in the corresponding steady-state mRNA levels. This is likely due to the transient nature of mRNA expression changes as a result of exercise. For example, using the identical CCA model as the present study, Gordon et al. (17) found that Tfam mRNA expression peaked on day 4 but was reduced to resting muscle levels by day 14, whereas protein levels were elevated by ϳ1.5-fold. Other studies have reported that PGC-1a mRNA expression increases during, and immediately after, an acute bout of exercise (2, 44 -46, 54) and returns to resting levels within hours postexercise (2, 42) . Similarly, c-myc mRNA expression also increases after an acute bout of exercise in mice (24) and in humans (40, 60) . Together, these findings suggest that the mRNA responses of PGC-1␣, c-myc, and Tfam are time dependent, postexercise. They increase transiently after each period of contractile activity, contribute to the accumulation of protein, and then decline thereafter.
The present study is the first to demonstrate a differential response in mRNA degradation kinetics as a result of CCA. In the presence of cytosolic proteins isolated from stimulated muscle, the half-lives of PGC-1␣ and Tfam mRNAs were significantly reduced compared with the control, nonstimulated condition. In contrast, neither c-myc nor S12 mRNA stability was significantly altered following CCA. In a previous study employing the identical chronic stimulation protocol as the present study, Freyssenet et al. (13) showed that CCA resulted in the increase of cytochrome c mRNA abundance, which was attributed, in part, to an increased mRNA stability in the early stages (days 2 and 3) of the CCA paradigm. Later, by day 7, mRNA stability had returned to control levels (16). Conversely, Irrcher et al. (26) showed that contractile activity resulted in reduced Egr-1 mRNA stability in cultured myotubes. These divergent data are clearly indicative of transcriptspecific adaptations to CCA. This depends on the presence or absence of mRNA-specific sequences, which support the interaction with stabilizing/destabilizing RBPs. We speculate that the short half-lives of PGC-1␣ and Tfam mRNAs are caused by one or more potent instability sequences, within the 3=-UTR of each transcript. The 3=-UTR of Tfam is known to contain AREs, which may serve as destabilizing cis-elements. Similarly, AREs may exist in the PGC-1␣ 3=-UTR, the fulllength of which has yet to be completely identified empirically. Multiple AREs covering a stretch of ϳ600 nucleotides are found within ϳ3 kb downstream of the PGC-1␣ coding sequence, followed by a consensus poly(A) signal (Fig. 7A) . Fig. 6 . Effect of CCA on mRNA stability in skeletal muscle. Total RNA isolated from TA muscle was incubated with cytosolic proteins from CTRL or STIM EDL muscles of animals subjected to CCA for 7 days. After each time point, total RNA was reisolated and PGC-1␣, c-myc, and Tfam along with an internal control S12 (n ϭ 4 -10) were examined by RT-PCR. * and †, Statistical significance from respective CTRLs and a main effect for all CTRL mRNAs, respectively.
With the use of ClustalW2 software (33) , sequence alignment of the human PGC-1␣ sequences against six mammalian species, revealed scores Ն89 (Fig. 7, B and C) , suggesting that they are evolutionary conserved and thus may dictate the mRNA turnover rate of this regulatory protein.
Since mRNA stability is determined by the interaction between intrinsic cis-elements and extrinsic trans-regulatory factors, we investigated the expression of ARE-regulatory RBPs, stabilizing HuR, and destabilizing AUF1. AUF1 consists of four isoforms with variable concentrations. The most abundant of which is p45 AUF1 in EDL muscle. HuR and AUF1 are established regulators of c-myc mRNA and they may also be involved in PGC-1␣ and Tfam mRNA expression. We demonstrate for the first time that CCA resulted in elevated cytosolic levels of HuR, p37 AUF1 , p40 AUF1 , and p45
AUF1
. This suggests that the upregulation or the cytoplasmic redistribution of HuR and AUF1 are in synchronization. This supports previous evidence that shows a strong positive correlation between HuR and AUF1 expression in all tissues and during various stages of development (10, 18, 31, 41) . However, the concomitant induction of both proteins does not necessarily indicate parallel cellular consequences, which depend on the starting concentration of each protein isoform within the cell, as well as the relative affinity of each isoform for the mRNA binding site. The affinities of HuR and AUF1 isoforms for the ARE are likely important in determining the final rate of mRNA decay, since these proteins compete with each other for binding in the 3=-UTR (10, 32, 59) . Future analyses of RNAprotein binding using electromobility shift or pull-down assays will be used to investigate this. Affinity is determined, in part, by phosphorylation, and it has been shown that HuR is a target of p38 mitogen-activated protein kinase and 5=-AMP-activated protein kinase (AMPK) (11, 30, 65, 66) . Both of these kinases are activated by contractile activity (38) . Thus the alterations in mRNA stability observed with CCA may stem, in part, from kinase-induced phosphorylation of RBPs on the AREs of target mRNAs.
Our data allow us to speculate that, in contrast to chronic exercise, inactivity may lead to the opposite adaptive response of transcriptional regulator mRNA stability in skeletal muscle. For example, immobilization, denervation, cancer cachexia, diabetes, and renal failure (3, 50) result in reduced steady-state PGC-1␣ mRNA levels. Under such conditions, transcription rates of PGC-1␣ are likely reduced, and mRNA stability may be enhanced in compensatory fashion. These ideas require experimental verification using muscle disuse models in the future.
In summary, our data show that the half-lives of mRNAs encoding transcription factors are variable in skeletal muscle. With respect to PGC-1␣, we have revealed that the 3=-UTR may harbor functional regulatory sequences. Furthermore, the responsiveness of each mRNA species to extracellular stimuli was variable. CCA selectively increased the mRNA degradation rate of both PGC-1␣ and Tfam, two important regulatory proteins involved in mitochondrial biogenesis. We speculate that this characteristic is beneficial because, when combined with a parallel increase in transcription, this permits a higher turnover rate, and a more rapid adaptive response in the face of an imposed stress, such as acute contractile activity. In support of this, Pilegaard et al. (48) illustrated that PGC-1␣ transcription and mRNA expression reached higher levels following exercise in the trained condition, suggesting that the mechanisms regulating the exercise-induced activation of PGC-1␣ in muscle became more sensitive with chronic exercise. Furthermore, the dynamics of the mRNA reservoir may be fine-tuned by the induction of, and balance between, specific RBPs such as HuR and AUF1. Collectively, our study deepens the understanding of mitochondrial adaptive responses to CCA at the posttranscriptional level. Further investigations are needed to dissect the interplay among mRNAs and their binding proteins, with the potential of generating interventions to enhance exercise-induced benefits in healthy, aged, or diseased muscle.
